SUMMARY
The biologically important redox couple, /I-nicotinamide adenine dinucleotide/l,4,/%dihydronico-tinamide adenine dinucleotide, provides a grossly reversible prototype system for an overall electrode reaction consisting of two successive one-electron
( protonation of, the free radical produced on the first step occurs prior to the second electron-transfer; a first-order chemical reaction coupled to the latter may involve rearrangement of an initial dihydro product to 1,CNADH (and some 1,6-NADH). In the apparently single stage 2 e-anodic oxidation of NADH, the initial step is .an irreversible heterogeneous electron transfer, which proceeds to at least some extent through mediator redox systems located close to the electrode surface; the resulting cation radical, NADH+', loses a proton (first order reaction) to form a neutral radical, NAD', which may participate in a second heterogeneous electron transfer (ECE mechanism) or may react with NADH+' (disproportionation mechanism DISP 1 or half-regeneration mechanism) to yield NAD+.
INTRODUCTION
In numerous biological hydrogen-transfer reactions, fl-nicotinamide adenine dinucleotide (NAD+ ; Fig. 1 ) functions as a coenzyme by accepting two electrons and a proton from a substrate (SH,) in the presence of a suitable enzyme to form 1,4-dihydronicotinamide adenine dinucleotide (NADH; Fig. l 
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the substrate (S) and a proton: SH, + NAD+ '"yt"" S + NADH + H+
(1)
The nicotinamide ring is the site of the reversible redox process (Fig. 1) . In particular, NAD+ serves as a coenzyme for pyridinoproteins (dehydrogenases) in the electron transport chain. The electrochemical behavior of the NAD+/NADH redox couple in aqueous media has received considerable attention in recent years from the viewpoints of:
(a) using electrochemical approaches and methodology to model and study analogous biological phenomena, (b) using the couple as an electrochemical regeneration step in cyclic redox processes involving chemical transformation and/or energy conversion, and (c) analysis, e.g., in determining NAD +, NADH and compounds which react enzymatically with NAD+ or NADH (cf. Refs. l-7 for summaries of such studies).
The present paper stresses the influence of experimental protocol on the results obtained on electrochemical studies of the NAD system in aqueous media, especially as related to the effects of adsorption of the various NAD species, the mediation role of adsorbed and other surface species on the electrode, and the time-scale of the particular experimental approach used. 
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Due to space limitation, experimental evidence and logical argument, which led to the mechanistic steps postulated, have been largely omitted; similarly, no attempts have been made to assign priorities or at thoroughness of coverage.
THE ELECTROCHEMICAL NAD SYSTEM
The basic pattern seen for electrochemical reduction of NAD+ and electrochemical oxidation of NADH and of the NAD dimer is summarized in Fig. 2 . The one-electron (1 e-) cathodic wave at ca. -1 V represents reduction of NAD+ to the free radical (NAD'), which dimerizes to (NAD), and which can be reduced (1 eprocess) at ca. -1.6 V to NADH. The dimer is oxidized to NAD+ at ca. -0.4 V. The difference in ease of the 2 e-oxidation of NADH to NAD+ at different electrode materials is due to the subsequently discussed mediation effects. (All potentials cited are uersus the aqueous saturated calomel electrode.)
The dimer can undergo a proton-assisted disproportionation to NAD+ and NADH [8] , which is at least formally analogous to the disproportionation of a semiquinone:
Thus, the NAD+/NADH redox couple provides a grossly reversible electrochemical prototype system for an overall electrode reaction consisting of two successive 1 e-transfer steps coupled with: 
Cathodic reduction of NAD'
In aqueous solution, 40 to 60% of the NAD+ exists in a folded conformation, which brings the nicotinamide and adenine rings together [9-l 11, e.g., a fold involving the pyrophosphate group as a hinge (cf. Fig. 1 ). The NAD' free radical also has a folded configuration in aqueous solution; however, it is unfolded when attached to an enzyme.
As was noted (Fig. 2) , the cathodic reduction of NAD+ to NADH at mercury electrodes proceeds through two 1 e-steps well separated in potential (Fig. 3) .
Wave I process. The pH-independence of the initial 1 e-reduction of NAD+ is associated with the reduction of a cationic species. The faradaic process is accompanied by possible adsorption of NAD+, free radical NAD', dimeric (NAD), and background electrolyte cation. Through variation in the ionic strength and surface activity of the background electrolyte, it is possible to formulate detailed mechanistic pathways involving the relative participation of adsorbed and dissolved species in the initial 1 e-reduction of NAD+ to NAD', including, for example, the facts that the orientation of adsorbed NAD+ varies with the nature of the electrode surface and that the kinetics of the accompanying free radical dimerization can be validly determined only under conditions involving solution composition, initial potential and potential scan rate, for which NAD+ , NAD' and (NAD), are not adsorbed at the interface. In essence, the mechanisms operative for reduction of NAD" to dependent on:
(a) competing adsorption, (b) time-scale of the experiment, (c) initial state of the electrode surface, and NAD' are (d) background solution ionic strength and surface activity (Fig. 4 ) [7] . The initial electrode surface state is controlled by the initial potential of the experiment. The nature of the buffer is not expected to affect significantly the pathways because the initial 1 e-reduction is not sensitive to pH above pH 5 [ 12, 131 , and Tris and carbonate are not measurably surface-active in the solutions used in deducing Fig. 4 .
A rapid potential sweep from a potential, where NAD+ is adsorbed, produces an adsorption-controlled current (Fig. 4, panel A) ; a slow sweep from the same potential produces a diffusion-controlled current.
In the presence of low surfactant concentrations (panel B), two processes are seen on both slow and fast time scales; as NAD+ diffuses to the electrode, it is reduced to both soluble and adsorbed products. Dimerization of NAD' in the interphase would be followed by rapid desorption (the dashed arrow indicates the effective absence of dimer in the interphase),
At high surfactant concentration, the situation is dependent on both initial potential and scan rate. On rapid scan, NAD+ , if initially adsorbed (panel C), is reduced under both diffusion and adsorption control.
On slow scan or on rapid scan from a potential at which NAD+ is not adsorbed (panel D), only diffusion-controlled reduction is seen.
An important implication of these results is that the dimerization rate for NAD' can be validly determined only under the conditions of panel D of Fig. 4 . Under these conditions, k, is 2.7 X lo6 M-' s-'; under the same conditions, the heterogeneous charge-transfer rate constant for the 1 e-reduction of NAD+ is ca. 0.1 cm s-' [7] .
Wave II process. The non-reduction of NAD' in aprotic media, i.e., only NADf wave I appears, indicates the need for protonation prior to or concurrent with charge transfer [ 141.
The pH range, over which NAD+ wave II can be examined in aqueous media, is effectively restricted to pH 7 to 10 by background discharge and compound hydrolysis. Within this range, the observed AU/A (pH) of ca. 20 mV, as compared to a theoretical value of 59 mV, indicates that the free proton donor, HsO+ , is not the only significant contributor to the formation of reducible free radical species; solvent water and/or buffer constituent must also serve as proton donors. The situation is largely related to the very weak base character of NAD', e.g., the free radical is not protonated at pH 0.4 [IS] . Based on the results indicated and other data, the reaction sequence for wave II is likely of the following nature: where HX is a proton donor. The last step, which is a rapid first-order chemical reaction, may involve rearrangement of an initial dihydro product to 1,4-NADH (and some 1,6-NADH).
Rearrangements, subsequent to the 2 e-electrochemical reduction of NAD+ analogues, have been reported [ 161.
The effect of HX is illustrated by the pronounced increase in ease of NAD' reduction when K+ in the background electrolyte is replaced by NH: at pH 9 [17] . Such behavior is attributable (a) to the positive charge in the area of the nicotinamide moiety for the NAD'-NH: adduct but not for NAD'. H,O and (b) to NHf (pK, 9.2) being a stronger acid than H,O (pK, 15.7); this would favor the last dissociation step of equation 4, shifting the whole equilibrium to the right. In general, addition at constant pH of a Br&sted or Lewis acid stronger than water facilitates the reduction, i.e., increases the charge-transfer rate.
Adsorption of NAD+ .
Currently, considerable attention is being given to the orientation of biological molecules at solution/electrode interfaces, e.g., studies of the nucleic acid components [18] . Similarly, NAD studies have emphasized the importance of electrode nature and of temporal phenomena on the orientation of adsorbates.
The upper portion of Thus, the area occupied per NAD+ molecule on a mercury electrode, as determined by surface excess measurements, decreases with increasing NAD+ concentration to a limiting value of 130 A2. Based on this value and other data, our working model for the orientation of NAD+ adsorbed at a solution]mercury interface involves a folded configuration of the coenzyme with the nicotinamide and adenine rings parallel and close to each other and with the adenine ring (at least initially) flat on the electrode surface. This model evokes the concept of electron transfer from electrode through the adenine ring to the nicotinamide ring. The possibility of adenine serving as a mediator for nicotinamide reduction is supported by evidence based on pulse radiolysis and fluorescence as well as electrochemistry [20, 21] .
The perpendicular orientation of NAD+ on a glassy carbon surface, based on the area determined by the charge consumed on application of a potential sweep to a covered electrode, is in agreement with a proposed adsorption sequence for NAD+ produced at a glassy carbon surface by anodic NADH oxidation [22] . An initial rapid sorption of NADf to a flat, i.e., parallel, orientation, which is the cause of the prewave seen on NADH oxidation [22-241, is followed by a relatively slower reorientation to a more tightly bound layer resulting from the perpendicular orientation, in which stacking association between adenine and nicotinamide moieties in adjacent folded molecules is favored.
Since the pyrolytic graphite surface consists of more or less flat oriented hexagonal rings, parallel orientation of folded NAD+ may be somewhat favored with reorientation to the perpendicular state being slowed down or hindered. As noted, NAD+ is not appreciably adsorbed at a platinum surface from aqueous solution.
Anodic oxidation of NADH
The anodic oxidation of NADH has been examined at glassy carbon (GC), pyrolytic graphite (PG), platinum (Pt) and gold (Au) electrodes.
Due to the dependence of interfacial adsorption on the applied potential and on time, the temporal response characteristics of the experimental arrangement are as important as they were for the NAD+ reduction. An added experimental factor, resulting from the use of solid electrodes, involves the exact nature of the electrode material, its configuration and its previous history insofar as these affect the nature of the electrode surface.
For example, at GC electrodes, a prewave appears on NADH oxidation due to the weak or negligible adsorption of NADH and the strong adsorption of NAD+, i.e., NADH -',"-NAD+ + NAD,f,,
The normal NADH anodic wave appears at concentrations of NADH exceeding ca. 0.1 mM. The prewave can be eliminated by first saturating the electrode surface with NAD+, e.g., by adding NADf to the solution and waiting or by electrolytically generating NAD+ [22, 24] .
Mechanisms of NADH oxidation.
Although it is at times difficult to oxidize NADH .cleanly at solid electrodes, it is well established that it undergoes an apparently single-step 2 e' oxidation to enzymatically active NAD+ [25-291: NADH+NADf+H++2e-
Thus, in both aqueous and nonaqueous media, NADH shows a single diffusion-controlled cyclic voltammetric anodic peak; scan reversal produces a cathodic peak due to NADf at ca. -1.5 V more negative potential. A key detail in the NADH oxidation pattern is the deprotonation step and its relation to the initial potentialdetermining electron-transfer step. In general, the mechanistic path operative in the NADH oxidation depends on the nature of the electrode surface. The irreversibility of the first electron transfer is likely to be the major cause of the overpotential required as compared to the enzymatically determined oxidation potential (Fig. 2) .
Mechanism for occupied adsorption sites. Figure 5 summarizes the mechanistic path when adsorption sites are occupied by strongly adsorbed NAD+ (supplementary equations are given in Ref. 6) .
The large activation energy or overpotential required for the initial electron loss to form the cation radical,
is apparently due to the need for a preliminary rearrangement.
The possible involvement of the amide group in a transitory stage of the oxidation process is suggested by the fact that only 1,4-NADH is enzymatically active. The involvement of the enol form as the electrochemically oxidizable species is supported by the fact that orthoquinones covalently bound to carbon electrodes catalyze the electrochemical oxidation of NADH as well as that of an ene-diol such as ascorbic acid [30] .
The second step is a first-order deprotonation to the neutral radical NAD'; this reaction would be practically irreversible since the neutral radical, due to its aromatic ring, is probably far more stable than the cation radical (cf. previous reference to NAD protonation).
The absence of an U,,2 shift with pH for NAD+ wave I and only a small pH-dependence for NAD+ wave II show that the protonation of NAD' is neither easy nor rapid. The third step can follow two different paths. One involves a second heterogeneous electron transfer, NAD' tiNAD+ +e-UP (8) which is reversible. Although NAD' dimerizes very rapidly, the dimer is electrochemically oxidized at ca. -0.4 V (Fig. 2) and, consequently, would be oxidized to NAD+ at the potential of ca. 0.5 V required for the first step. This sequence of steps would constitute an overall ECE process (Fig. 5) .
The alternate path for the NAD' oxidation or second electron transfer involves a disproportionation reaction between the neutral and cation radicals NAD' and NADH +'; such a half-regeneration reaction is probably more rapid than the preceding deprotonation which remains the rate-determining step. The resulting mechanism has been termed an DISP 1 mechanism [31, 32] .
The margin of error in determining k for an ECE mechanism on the one hand and for a DISP 1 mechanism on the other hand does not allow distinguishing between the two [6] .
Values of the deprotonation rate constant, NADH+-:NAD-+H+ (9) are summarized in Table 2 . The temperature variation of k at the GC electrode at pH 7.1 confirms the presence of a chemical limiting step (activation energy = ca. 60 kJ mol-').
The magnitude of k correlates with the extent of coverage of the electrode by adsorbed NAD+ (cf. data support the notion of NAD+ acting as a mediator in respect to electron and proton transfer during NADH oxidation, e.g., NADH exchanges the electron with an adsorbed NAD+ which, in turn, exchanges the electron with the electrode.
Mechanism for unoccupied adsorption sites. Even on electrodes not covered with adsorbed NAD+ , the initial step in the NADH oxidation proceeds to at least some extent through mediator redox systems located close to the electrode surface such as the redox couples formed by oxygen adsorbed at Au and Pt surfaces, e.g., OH,,,/H*O and Oods/OHbds and by organic functionalities resulting from oxidation of a carbon surface, e.g., quinone/semiquinone/hydroquinone systems [33] . Such an intimate involvement of surface oxygen species in the rate-determining step of overall reaction 10 was first suggested for the Pt electrode by Blaedel and Jenkins [26] , who, however, rejected the hypothesis [33] ,
The possible involvement of two surface oxygen redox systems in the first stage of the NADH oxidation is schematically depicted in Fig. 6 . The electron-transfer path involves electron exchange between energy levels located at the surface oxygen atom and in the electrode, coupled with electron exchange between energy levels of the surface oxygen atom and the solution NADH molecule. The proton transfer path ( Fig. 7) involves transfer of the proton bound to C(4) of NADH to a third species, which is the proton acceptor, e.g., H,O, with possible intermediate formation of a bond to the surface oxygen atom.
Thus, two mechanisms can be envisaged for the proton transfer path. In one, electron transfer through the intermediate state located close to the surface oxygen atom and proton transfer are decoupled from each other, i.e., the proton bound to C(4) of NADH is not involved in the activated complex formed before electron transfer may occur. The stable intermediate state in the electron transfer path, which may be but need not be actually formed, would be represented by NADH+' and O,,,(OH,,,).
Subsequently, the proton is transferred from NADH+' to a proton acceptor in a distinct chemical step, which would be the reverse of steps in equation 4 and which is supported by a variety of data, e.g., Ref. 6. In the second mechanism, a bond is formed between the transferred proton and the surface atoms, and the intermediate state in the electron-transfer path would be represented by NAD' and OH,,,(H,O).
In order that the inner-bridge activated complex be formed, reorganization of the proton configuration with respect to both C(4) and surface oxygen atoms and proton acceptor (cf. Fig. 7 ) is necessary.
On the whole, irrespective of whether or not a stable intermediate state is actually formed, electron transfer through a mediator energy level may represent a path which is kinetically more favorable than direct electron transfer.
Analogous catalysis of NADH oxidation is provided by sulfide species adsorbed on a gold surface [33] and, as noted, by NADf adsorbed on a carbon surface. Such catalysis via mediator redox couples is probably fairly common, e.g., for chloride ion adsorbed on platinum electrodes and for chemically modified electrode surfaces.
Although the enzymatically mediated oxidation of NADH has been generally considered to proceed by a single step involving hydride ion transfer, mechanisms based on two 1 e-steps with intermediate NAD' formation have been considered, e.g., Refs. 15 and 34 to 37.
